The arsenic (As) diffusion behavior through a strained Si/relaxed Si 1-x Ge x heterostructure having Ge contents x of 0.15, 0.20 and 0.25 has been investigated using a thermal-diffusion method in order to avoid the crystal damage associated with ion implantation. As-concentration profiles through a strained Si/Si 1-x Ge x heterostructure obtained by secondary-ion mass spectroscopy are in approximate agreement with a simple erfc distribution. The diffusion coefficient of As increases with an increase in the Ge content. On the other hand, the diffusion coefficient of Ge in strained Si is almost same within errors, irrespective of Ge content.
Introduction
Recently, strain effects have begun to be used to increase the channel carrier mobility in the channels of Si metal-oxide-semiconductor field-effect transistors (Si-MOSFETs) (1, 2) . The amount of strain in tensile-strained Si (s-Si) grown on relaxed Si 1-x Ge x can be controlled by varying the Ge content in the relaxed Si 1-x Ge x layer. Dopant diffusion in s-Si/relaxed Si 1-x Ge x is very important from the perspective of process technology, as well as for gaining a fundamental understanding of the diffusion mechanism in strained Si and SiGe alloy systems. Modeling dopant diffusion in these structures is complicated since both strain (physical) and alloying (chemical) effects are involved in dopant diffusion in such structures. In the experiment of B diffusion in strained Si and SiGe, no effect of strain on the diffusion coefficient of B has been observed (3) . By contrast, the diffusivity of Sb in strained and relaxed Si and SiGe (4) is enhanced by compressive strain and is retarded by tensile strain (4) . Recently, the diffusion coefficients of implanted arsenic (As) in relaxed Si 1-x Ge x epilayers were measured as a function of composition x (0 x 1) and were enhanced with the increase of x (5). However, there is no report on As diffusion through a s-Si/Si 1-x Ge x heterostructure.
In this study, we investigated As diffusion through a s-Si/relaxed Si 1-x Ge x heterostructure using a thermal diffusion method in order to avoid the crystal damage associated with ion implantation and attempted to clarify the effects of strain and alloying on dopant diffusion.
Experiment
Specimens of a s-Si/relaxed Si 1-x Ge x heterostructure were grown by low-pressure chemical vapor deposition (LPCVD). First, a 2-m-thick SiGe composition-graded layer was grown on a p-type Si(100) substrate in order to suppress threading dislocations. Then, a 1-m-thick relaxed Si 1-x Ge x and a s-Si layer were grown successively.
We prepared specimens having three different Ge contents (x = 0.15, 0.20 and 0.23) in the relaxed Si 1-x Ge x layer and different s-Si layer thicknesses (t = 9.5 -23.1 nm). The thickness of the s-Si layer was taken as the depth at which the Ge content measured using secondary-ion mass spectroscopy (SIMS) was half that in the Si 1-x Ge x layer. Before growing the s-Si layer, chemical mechanical polishing (CMP) was applied in order to reduce the surface roughness. The surface morphology of the top s-Si layer was estimated using atomic force microscopy (AFM). AFM images of s-Si showed a typical crosshatch pattern. The surface roughness ranged from 2.5 nm to 3.5 nm, and varied linearly with the Ge content (6) . The threading dislocation density in the s-Si layer was estimated from the density of etch pits produced by chemical etching with Dash etchant (HN 3 :HF:CH 3 COOH=1:3:10) and was found to be 1 -2 × 10 4 cm -2 in all specimens. As-doped spin-on sources produced by Tokyo Ohka Kogyo Co. Ltd. were used to diffuse arsenic into the s-Si/ Si 1-x Ge x layer. Diffusion was carried out in a resistance furnace in a nitrogen atmosphere at 900 °C for 30 min. The temperature was monitored using a calibrated Pt/PtRh thermocouple. As a reference, As diffusion was also performed in a standard Si wafer with a hole density of 3 × 10 15 cm -3
. The concentrations of As and Ge in the s-Si/Si 1-x Ge x heterostructure were measured by SIMS using a Cameca IMS-4f instrument. AsCs and GeCs secondary ions were detected using a Cs+ primary beam with an ion energy of 5.5 keV.
-
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The 5th International Symposium on Advanced Science and Technology of Silicon Materials (JSPS Si Symposium), Nov. [10] [11] [12] [13] [14] 2008 , Kona, Hawaii, USA Figure 1 shows the SIMS profiles of As at 900 °C for 30 min in the s-Si/Si 1-x Ge x heterostructure for different Ge contents (x = 0.15, 0.20 and 0.23). In these samples, the thickness of strained Si varies with the respective Ge content as shown in the figure. A SIMS profile for As diffused in a standard Si wafer is also shown in Fig. 1 . It is found that As diffuses deeper in the s-Si/Si 1-x Ge x layer than in standard Si, and that As diffusion also increases as the Ge content increases.
Results

Arsenic diffusion through strained Si/relaxed Si 1-x Ge x
The surface concentration of As is estimated to be 4 5 10 19 cm 3 from Fig. 1 . In this estimation, SIMS data originating from near the surface were neglected because of their poor reliability. Since the surface concentration of As exceeds the intrinsic carrier concentration n i at 900 °C (1.0 10 19 cm 3 ) (7), diffusion was carried out under extrinsic conditions. In such conditions, As diffusion coefficient is known to increase almost linearly with As concentration (8) . In the present study, however, a simple erfc distribution (i.e., a complementary error function distribution) with a constant diffusion coefficient was assumed. The solid curves in Fig. 1 represent the erfc distribution curves. A reasonable good fit is obtained for each sample. It should be noted that As profiles in both s-Si and relaxed Si 1-x Ge x can be well fitted with the erfc distribution with a single diffusion coefficient. The diffusion coefficients of As are shown in Fig. 2 as a function of the Ge content. The data point for 0 % Ge content in Fig. 2 indicates the As diffusion coefficient (2 × 10 16 cm 2 /s) in standard Si. This value is approximately three times larger than the intrinsic As diffusion coefficient at 900 °C (7.2 × 10 17 cm 2 /s) (9) because As diffusion was performed under extrinsic conditions, as described above. Figure 2 shows that the As diffusion coefficients in s-Si/Si 1-x Ge x layers increase with an increase in the Ge content. In Fig. 2 , the As diffusion coefficients determined in relaxed Si 1-x Ge x (x=0.2, 0.35 and 0.5) by Laitinen et al. (5) and in relaxed Si 1-x Ge x (x=0.2) by Eguchi et al. (10) are also shown in Fig. 2 . The present As diffusion coefficient at Ge content of 20% almost coincides with the data of Laitinen et. al and Eguchi et. al. However, the present dependence of As diffusion coefficient on Ge content is somewhat different from that of Laitinen et al. This difference is considered to be due to the difference in sample structure between the present work (s-Si/relaxed Si 1-x Ge x ) and Laitinen's work (relaxed Si 1-x Ge x ). Figure 3 shows the SIMS profiles of As for different thickness of strained Si (t=9.5, 18.8 and 23.1 nm) with the same Ge content (x=0.2). It is found that As concentration profiles coincide each other, irrespective the thickness of s-Si layer. Thus, Ge content in relaxed SiGe layer has a dominant contribution on As diffusion through s-Si/ Si 1-x Ge x within the present range of s-Si thickness. As profiles can also be fitted well with the erfc distributions similar to the result of Fig. 1. 
Ge diffusion in strained Si
During annealing, Ge in the relaxed Si 1-x Ge x layer diffused into the s-Si layer. SIMS profiles of the Ge concentration are shown in Fig. 4 for specimens having different Ge contents and s-Si layer thicknesses. the diffusion solution for a pair of semi-infinite solids was applied in this study. That is, the Ge concentration C at a distance x from the interface at time t is given by (11) )} 2
where C o is the initial Ge concentration in the Si 1-x Ge x layer and D is the diffusion coefficient of Ge. The solid curves in Fig. 4 show the profiles calculated using Eq. (1) . From this fitting process, the diffusion coefficients of Ge are evaluated to be in the range 3 -5 × 10 17 cm 2 /s, as shown in Fig. 5 as a function of Ge content. It should be noted that the Ge diffusion coefficients contain large errors for all specimens. Thus, it is considered that significant dependence of Ge diffusion coefficient on Ge content is not observed within errors. Regarding the s-Si thickness dependence of Ge diffusion coefficient for 20% Ge samples (t=9.5, 18.8 and 23.1 nm), a consistent tendency was not found.
From the study of thermal stability of s-Si/ Si 1-x Ge x , Ge out-diffusion in s-Si has been investigated. Some reported data of Ge diffusion coefficients in s-Si (11, 12) are included in Fig. 5 . In the figure, Ge diffusion coefficient in unstrained Si is also shown (O). The present data and Sugii's data are much higher than that of unstrained Si. The value reported by Sugii et al is to be 2.71 × 10 17 cm 2 /s for a 30 % Ge content sample, which is somewhat larger than the present value. Since the present Ge diffusion coefficients are obtained in As-diffused s-Si layer; thus high As diffusion may generate an excess of vacancies, increasing the Ge diffusion coefficient. However, the value reported by Vandervorst et al. for a 22% Ge content (12) is much smaller than the present and Sugii's values. It is due to their short thermal budget relative to the present and Suguii's work as they stated in their paper.
Discussion
We first discuss As diffusion through s-Si/ Si 1-x Ge x layers. When Figs. 1 and 3 are examined carefully, it will be noticed that As concentration profiles are connected smoothly at the interface between the s-Si and Si 1-x Ge x layers. Furthermore, the As profiles can be approximately fitted with the erfc distribution with a single value for the diffusion coefficient in both the s-Si layer and the relaxed Si 1-x Ge x layers. This suggests that As diffusions in s-Si and relaxed Si 1-x Ge x are controlled with the same point defects in both regions.
As stated earlier in relating with the result of Fig. 3 , Ge content in relaxed SiGe has a major contribution on As diffusion through s-Si/ , indicating the large contribution of chemical effect. It has been suggested that the presence of Ge in Si may cause both the vacancy and self-interstitial concentration to increase with an increase in the Ge content, due to the smaller bonding energy of Ge than Si (14) ; however, a physical model of the chemical effect is not given.
Regarding As diffusion in Si, it has been known that As diffusion is mediated via both a vacancy and a self-interstitial mechanism (15, 16) and the value of the fractional component of As diffusion coefficient in Si, f I, is estimated to be about 0.5 at 900C from the oxidation-induced-diffusion Fig. 5 Ge diffusion coefficient as a function of Ge content experiment (17) , and Fahey et al. (16) reported that f I, > 0.44 from oxynitridation experiment. Considering the above f I value, the Ge content dependence of As diffusion coefficient can be mainly construed as the chemical effect.
The some difference in dependence of As diffusion coefficients on Ge content between s-Si/Si 1-x Ge x and Si 1-x Ge x samples in Fig. 2 should be due to the difference in both sample structures. At present, the effect of strain in s-Si on As diffusion is less well understood.
Next, we briefly discuss Ge diffusion in s-Si. It is clear that Ge diffusion in s-Si is enhanced as compared with that of unstrained Si. It is pointed out that its enhancement factor differs so much; by a factor of 3 (18) and 30 (11) at 900C. Regarding the reason of the enhancement, strained Si itself may cause the enhancement of Ge diffusion, or, Ge content in relaxed may affect Ge diffusion in s-Si as is the case of As diffusion through s-Si/ . It is necessary to need much work for clarifying this point.
Summary
In this study, we investigated As diffusion in a s-Si/Si 1-x Ge x heterostructure by using a thermal-diffusion method. The diffusion coefficient of As increases with an increase in the Ge content and its dependence may be explained mainly by the chemical effect.
